M. Higher ghrelin and lower leptin secretion are associated with lower LH secretion in young amenorrheic athletes compared with eumenorrheic athletes and controls. Am J Physiol Endocrinol Metab 302: E800 -E806, 2012. First published January 17, 2012; doi:10.1152/ajpendo.00598.2011.-Amenorrhea is common in young athletes and is associated with low fat mass. However, hormonal factors that link decreased fat mass with altered gonadotropin pulsatility and amenorrhea are unclear. Low levels of leptin (an adipokine) and increased ghrelin (an orexigenic hormone that increases as fat mass decreases) impact gonadotropin pulsatility. Studies have not examined luteinizing hormone (LH) secretory dynamics in relation to leptin or ghrelin secretory dynamics in adolescent and young adult athletes. We hypothesized that 1) young amenorrheic athletes (AA) would have lower LH and leptin and higher ghrelin secretion than eumenorrheic athletes (EA) and nonathletes and 2) higher ghrelin and lower leptin would be associated with lower LH secretion. This was a cross-sectional study. We examined ghrelin and leptin secretory patterns (over 8 h, from 11 PM to 7 AM) in relation to LH secretory patterns in AA, EA, and nonathletes aged 14 -21 yr. Ghrelin and leptin were assessed every 20 min and LH every 10 min. Groups did not differ for age, bone age, or BMI. However, fat mass was lower in AA than in EA and nonathletes. AA had lower LH and higher ghrelin pulsatile secretion and AUC than nonathletes and lower leptin pulsatile secretion and AUC than EA and nonathletes. Percent body fat was associated positively with LH and leptin secretion and inversely with ghrelin. In a regression model, ghrelin and leptin secretory parameters were associated independently with LH secretory parameters. We conclude that higher ghrelin and lower leptin secretion in AA related to lower fat mass may contribute to altered LH pulsatility and amenorrhea. amenorrhea; adolescents; luteinizing hormone; energy AMENORRHEA IN ATHLETES ranges between 3.4 and 66%, depending on the type, intensity, and duration of exercise as well as nutritional status (20, 27, 28) , compared with only 2-5% in the general population. Although low energy availability has been implicated as a cause of disruption of patterns of luteinizing hormone (LH) pulsatility in normally cycling adult women (21), specific endocrine factors that link suboptimal energy availability in athletes to hypothalamic amenorrhea and impaired gonadotropin-releasing hormone (GnRH) secretion have not been well characterized. These determinants of menstrual disruption need to be better elucidated, particularly given the impact of hypogonadism on bone density during the adolescent and young adult years (1, 7) and the potential impact on peak bone mass.
strual disruption need to be better elucidated, particularly given the impact of hypogonadism on bone density during the adolescent and young adult years (1, 7) and the potential impact on peak bone mass.
We have previously reported markedly lower fat mass and fasting leptin and higher fasting ghrelin in another cohort of normal-weight adolescent amenorrheic athletes (AA) compared with eumenorrheic athletes (EA) and nonathletic controls despite similar activity levels in AA and EA (6, 7) . Leptin is secreted by adipocytes and is regulated by energy status; levels are low in conditions of low fat mass (6, 24) and increased physical activity (13) . Low leptin levels are associated with hypogonadism in both animals and humans, and overexpression of leptin in mice causes early-onset puberty (10, 34) . The impact of leptin on GnRH secretion is independent of kisspeptin and appears to be mediated by interneurons (9) . In addition, leptin administration induces ovulation in GnRH-deficient mice (4) and can reverse hypothalamic amenorrhea in at least some adult women (33) . Low leptin levels in AA consequent to low fat mass may contribute to altered GnRH pulsatility (as reflected by LH pulse parameters) and thus to hypothalamic amenorrhea in these young women. However, leptin secretory parameters in relation to LH secretory parameters have not been studied in adolescent and young adult AA compared with EA and nonathletes.
Ghrelin is another hormone that reflects energy status and is high in conditions of low weight (23) and in conditions associated with low fat mass despite overall normal weight (7) . Ghrelin levels are associated inversely with fat mass (23) and may be regulated by fat. Ghrelin administration leads to a decrease in gonadotropin pulsatility in both animals and humans (17, 18, 32) . Thus it is possible that high ghrelin levels in AA (consequent to low fat mass) contribute to altered GnRH and LH pulsatility.
We examined ghrelin and leptin secretory patterns (over an 8-h period, from 11 PM to 7 AM) in relation to LH secretory patterns in AA, EA, and nonathletes 14 -21 yr old. We hypothesized that AA would have lower LH and leptin and higher ghrelin basal and pulsatile secretion and total area under the curve (AUC) than EA and nonathletes and that higher ghrelin and lower leptin secretory parameters related to lower fat mass would be associated with lower levels of LH secretory parameters. These data would suggest that alterations in hormones that are either secreted (leptin) or regulated by fat (ghrelin) are a potential link between low fat mass and altered LH secretion in conditions such as athletic amenorrhea.
SUBJECTS AND METHODS
Subject selection. We enrolled 59 adolescents and young adult women (21 AA, 18 EA, and 20 nonathletes) between 14 and 21 yr of age for this study. We defined amenorrhea as absence of menses for 3 mo within a 6-mo period of oligo/amenorrhea (cycle length Ͼ6 wk) or absence of menses at Ն16 yr. We defined EA as those who had had Ն9 menses in the previous year. Inclusion criteria for athletes included Ն4 h of aerobic weight-bearing activity or 20 miles of running weekly for the preceding 6 mo. Inclusion criteria for nonathletes included Ͻ2 h/wk of weight-bearing activities. The study was approved by the Institutional Review Board of the Partners HealthCare system. Informed consent was obtained from subjects Ն18 yr old and parents of subjects Ͻ18 yr old. Informed assent was obtained from subjects Ͻ18 yr old.
Experimental protocol. Subjects were seen in the Clinical Research Center of Massachusetts General Hospital. The screening visit included a history and physical examination and labs to rule out conditions other than excessive exercise that may cause hypothalamic amenorrhea. Thus, we ruled out hyperprolactinemia, primary ovarian failure, polycystic ovarian syndrome (PCOS; based on clinical/biochemical findings) (3) , and hypothyroidism. For PCOS, subjects were assessed using androgen and also sex hormone globulin levels (to obtain estimates of free testosterone) (5) . LH/FSH ratios were available; however, we relied primarily on androgen levels to rule out PCOS (3). The Ferriman Gallwey score was used to quantify hirsutism when present, and a score of 8 or more was considered significant. Subjects were also excluded if they were taking hormonal medications that could affect the hypothalamic-pituitary-ovarian axis. All girls (except for 1 AA) were postmenarchal, and the one premenarchal girl had a bone age of 16 yr and was Tanner 5 for breasts, indicating that amenorrhea was not from failure of maturation of the hypothalamicpituitary-gonadal (HPG) axis.
Qualifying subjects were admitted for an overnight stay at the Clinical Research Center (CRC) of Massachusetts General Hospital. This visit included a history and physical examination, bone age assessment using the methods of Greulich and Pyle (14) , body composition assessment using dual energy X-ray absorptiometry [coefficient of variation (CV) for fat mass 1.7%; Hologic 4500A, Waltham, MA], and frequent blood sampling overnight between 11 PM and 7 AM. All subjects had dinner at 8 PM, an intravenous catheter was introduced at 10 PM, and subjects were encouraged to go to bed by 10 PM. Blood sampling was performed every 10 min for LH and every 20 min for ghrelin and leptin. EA and nonathletes were assessed in the early to midfollicular phase of their cycles (based on menstrual history). In addition, energy intake was assessed using a 4-day food record [Minnesota Nutrition Data System software (version 2.93, nutrient database 29; and version 4.03, nutrient database 31)] and energy expenditure using the Bouchard 3-day activity record (16) .
Analysis of LH, ghrelin, and leptin secretory dynamics. We used deconvolution analysis and techniques described previously by Veldhuis and Johnson (31) to determine LH, ghrelin, and leptin basal secretion (basal secretion rate ϫ duration of sampling), number of secretory pulses over the sampling period, interval between secretory pulses, pulse amplitude, pulse mass, total pulsatile secretion (no. of secretory pulses ϫ pulse mass), and total AUC.
Biochemical analysis. LH levels were assessed in the Harvard Catalyst Core Laboratory using an Access chemiluminescent immunoassay (limit of detection 0.2 mIU/ml, precision 4.3-6.4%; Beckman Coulter, Fullerton, CA). Leptin levels were assayed using a radioimmunoassay (limit of detection 0.1 ng/ml, intra-assay CV 5.2-7.5%, interassay CV 3.2-8.9%; Linco Research, St. Charles, MO). Total ghrelin was measured with an ELISA (limit of detection 100 pg/ml, intra-assay CV 1.32%, interassay CV 6.62%; Millipore). Androgen and sex hormone-binding globulin levels were measured by Labcorp using standard methods. All samples were stored at Ϫ80°C until analysis and were tested in duplicate.
Statistical analysis. We used JMP Software (version 8; SAS Institute, Cary, NC) for data analysis. Results are reported as means Ϯ SE, and a P value Ͻ0.05 is considered significant. To determine differences between AA, EA, and nonathletes, we used analysis of variance, followed by the Tukey Kramer test (to control for multiple comparisons). Secretory parameters of LH and leptin (but not ghrelin) pulsatility required logarithmic transformation to approximate a normal distribution. We also used Pearson's correlations to determine associations between covariates and regression modeling to control for potential confounders and to determine independent associations of LH secretory parameters with covariates such as ghrelin and leptin secretory parameters and body mass index (BMI; P ϭ 0.10 to enter and leave the model).
RESULTS

Clinical characteristics.
Clinical characteristics for our subjects are reported in Table 1 . The groups did not differ for age, bone age, height, weight, or BMI. Age of menarche was later in AA compared with nonathletes, and fat mass was lower in AA than in EA and nonathletes. Percent body fat was lower in AA than in nonathletes. Energy intake (as assessed using 4-day food records) did not differ among the groups (data not shown). Energy expenditure, as assessed using the Bouchard 3-day questionnaire, was overall higher in athletes than in nonathletes (2,805 Ϯ 169, 3,177 Ϯ 310, and 2,263 Ϯ 87 calories/day in AA, EA, and nonathletes, P ϭ 0.01). Estradiol levels did not significantly differ between the groups.
Ghrelin, leptin, and LH secretory dynamics. Secretory parameters for our subjects are described in Table 2 . AA had lower LH pulse amplitude, total pulsatile secretion, and AUC than nonathletes. Pulse mass trended lowest in AA (P ϭ 0.08). Representative data from an AA, EA, and nonathlete are shown in Fig. 1 . Ghrelin secretory pulse parameters were highest in AA. Ghrelin secretory pulse amplitude, pulse mass, total pulsatile secretion, and AUC were higher in AA than in nonathletes, and ghrelin secretory pulse amplitude, pulse mass, and total pulsatile secretion trended higher in AA than in EA. Leptin secretory pulse amplitude, pulse mass, total pulsatile secretion, and AUC were the lowest in AA and significantly lower in AA than in the other two groups.
Associations of LH, ghrelin, and leptin secretory parameters with BMI and body fat. Associations of LH, ghrelin, and leptin secretory dynamics with BMI and body fat are shown in Table 3 . For the group as a whole, LH pulse amplitude, mass, and total pulsatile secretion were associated positively with percent body fat. These associations were driven primarily by AA, in whom pulse mass and total pulsatile secretion correlated positively with BMI, fat mass, and percent body fat.
Ghrelin pulse amplitude, pulse mass, total pulsatile secretion, and AUC correlated inversely with fat mass and percent body fat. Leptin secretory dynamics correlated positively and strongly with BMI, fat mass, and percent body fat for the group as a whole and within AA. There were no associations of age, energy intake, or energy expenditure with secretory parameters (data not shown).
Associations of ghrelin and leptin with LH secretory parameters. Overall, we observed significant inverse associations of ghrelin and positive associations of leptin with LH secretory parameters for the group as a whole and also within AA.
All subjects. There were inverse associations of ghrelin pulse amplitude with LH pulse amplitude (r ϭ Ϫ0.41, P ϭ 0.003), ghrelin pulse mass with LH pulse mass (r ϭ Ϫ0.47, P ϭ 0.0004), and total ghrelin pulsatile secretion with total LH pulsatile secretion (r ϭ Ϫ0.46, P ϭ 0.0005). There was a weaker association of ghrelin AUC with LH AUC (r ϭ Ϫ0. 25, P ϭ 0.07).
There were positive associations of leptin pulse amplitude with LH pulse amplitude (r ϭ 0.37, P ϭ 0.005), leptin pulse mass with LH pulse mass (r ϭ 0.45, P ϭ 0.0006), total leptin pulsatile secretion with total LH pulsatile secretion (r ϭ 0.54, P Ͻ 0.0001), and leptin AUC with LH AUC (r ϭ 0.32, P ϭ 0.02). Figure 2 shows the inverse and positive associations of ghrelin and leptin pulse mass, respectively, with LH pulse mass.
There were also inverse associations of ghrelin pulse amplitude with leptin pulse amplitude (r ϭ Ϫ0.53, P Ͻ 0.0001), ghrelin pulse mass with leptin pulse mass (r ϭ Ϫ0.53, P Ͻ 0.0001), ghrelin total pulsatile secretion with leptin total pulsatile secretion (r ϭ Ϫ0.53, P Ͻ 0.0001), and ghrelin AUC with leptin AUC (r ϭ Ϫ0.49, P ϭ 0.0002).
AA. There was an inverse association of ghrelin pulse mass with LH pulse mass (r ϭ Ϫ0.51, P ϭ 0.03) and total ghrelin pulsatile secretion with total LH pulsatile secretion (r ϭ Ϫ0.51, P ϭ 0.03). A weaker inverse association of ghrelin pulse amplitude with LH pulse amplitude was observed (r ϭ Ϫ0.43, P ϭ 0.07). There were positive associations of leptin pulse amplitude with LH pulse amplitude (r ϭ 0.51, P ϭ 0.02), leptin pulse mass with LH pulse mass (r ϭ 0.65, P ϭ 0.002), and total leptin pulsatile secretion with total LH pulsatile secretion (r ϭ 0.77, P ϭ 0.0001). The inverse and positive associations of ghrelin and leptin pulse mass, respectively, with LH pulse mass in AA are shown in Fig. 2 .
As with the larger group, ghrelin pulse amplitude correlated inversely with leptin pulse amplitude, ghrelin pulse mass with leptin pulse mass, and ghrelin pulsatile secretion with leptin pulsatile secretion (r ϭ Ϫ0.48, P ϭ 0.046 for all).
EA and nonathletes. We found no associations of ghrelin or leptin with LH secretory parameters within EA or nonathletes.
Regression modeling to determine independent predictors of LH secretory parameters. To determine independent predictors of LH secretory parameters, we performed regression modeling with the corresponding ghrelin and leptin secretory parameter and BMI entered into the model. Because of the strong positive associations of fat mass and percent body fat with leptin, we did not add fat mass to the model.
All subjects. On regression modeling, with ghrelin and leptin pulse amplitude and BMI entered into the model, LH pulse amplitude was independently associated with ghrelin pulse amplitude (but not with leptin pulse amplitude; P ϭ 0.003, r 2 ϭ 0.16). Similarly, with ghrelin and leptin pulse mass and BMI entered into the model, LH pulse mass was associated independently and inversely with ghrelin pulse mass (P ϭ 0.03) and positively with leptin pulse mass (P ϭ 0.05) (28% of the total variability explained by ghrelin and leptin pulse mass). For LH total pulsatile secretion, leptin pulsatile secretion (P ϭ 0.002) and ghrelin pulsatile secretion (P ϭ 0.08) were independent positive and negative predictors, respectively (35% of the total variability explained), and for LH AUC, leptin AUC (P ϭ 0.02, r 2 ϭ 0.11) was an independent positive predictor. When we replaced BMI with percent body fat in the regression model, these associations remained significant. Additionally, percent body fat was an independent predictor of LH AUC in this model, accounting for an additional 6% of the variability.
AA. On regression modeling, LH pulse amplitude was independently and positively associated with leptin pulse amplitude (P ϭ 0.06, r 2 ϭ 0.20), LH pulse mass with leptin pulse mass (P ϭ 0.004, r 2 ϭ 0.41), LH total pulsatile secretion with BMI (P ϭ 0.04) and leptin pulsatile secretion (P ϭ 0.006, 70% of the total variability explained), and LH AUC with BMI (P ϭ 0.08, r 2 ϭ 0.21). These associations were not observed within EA and nonathletes. Associations between LH and leptin held even when we replaced BMI with percent body fat in the model.
DISCUSSION
This is the first study to examine LH secretory parameters in relation to ghrelin and leptin secretory parameters in amenorrheic and eumenorrheic adolescent and young adult athletes and also nonathletes. We report lower levels of LH and leptin secretory parameters and higher levels of ghrelin secretory parameters in AA compared with EA and nonathletes. We also report inverse associations of ghrelin and positive associations of leptin with LH secretion.
LH secretory parameters (pulse amplitude, total pulsatile secretion, and AUC) were the lowest in AA. This was despite the fact that EA and controls were assessed in the early to midfollicular phase of their cycles, consistent with low estradiol levels in both groups.
Leptin is an anorexigenic hormone secreted by adipocytes, and adult athletes and overexercisers have low leptin levels (19, 29) , which is thought to contribute to reduced LH pulsatility. Adolescence is uniquely characterized by maturation of the HPG axis and changes in fat distribution that may affect adipokine levels. We have previously reported lower fat mass and fasting leptin levels (6) in adolescent AA compared with EA and controls. However, associations between leptin and LH pulsatility in adolescent athletes have not been examined previously. In this study, we observed significantly lower leptin pulse amplitude, pulse mass, total pulsatile secretion, and AUC in AA compared with EA and nonathletes. We also found strong positive associations of most leptin secretory parameters with BMI and fat mass for the group as a whole and within AA. These data suggest that relatively lower BMI and particularly lower fat mass in AA may contribute to lower leptin levels in Fig. 1 . LH, ghrelin, and leptin concentrations over the sampling period in an amenorrheic athlete, an eumenorrheic athlete, and a nonathlete.
E803 GHRELIN, LEPTIN, AND LH IN YOUNG ATHLETES
this group. Although BMI did not differ among the three groups studied, fat mass was significantly lower in AA than in EA and nonathletes, consistent with our previous study (6) and with lower leptin levels in AA.
We found very strong positive associations of leptin secretory parameters with the corresponding LH secretory parameters for the group as a whole and within AA, consistent with our hypothesis that lower leptin levels in AA may contribute to impaired LH pulsatility. Although causality cannot be inferred in this crosssectional study, a study in adult women with hypothalamic amenorrhea did demonstrate that recombinant human leptin administration improves LH pulsatility patterns and may induce ovulation in at least some women (33) . However, not all of the women in that study resumed menses despite administration of robust doses of leptin, and the women in this study were low-weight and not normal-weight overexercisers. More interventional studies are necessary to confirm the contribution of low leptin levels to hypothalamic amenorrhea in normal-weight athletes.
We have reported previously that increases in fat mass predict menstrual recovery better than increases in leptin in adolescent anorexia nervosa, another condition of hypothalamic amenorrhea (25) . These data, together with a study of leptin administration in women with hypothalamic amenorrhea in whom only three of the eight women resumed ovulatory menses (33) , suggest that fat-related factors other than leptin may also impact the normal functioning of the HPG axis.
Interestingly, an animal study reported that re-placing leptin to physiological levels in a state of caloric restriction did not prevent suppression of LH secretion, although re-placing leptin to pharmacological levels was successful in maintaining LH levels (30) . The authors concluded that although leptin may be permissive for normal functioning of the HPG axis, additional factors may contribute to hypogonadism in energy deficit states.
Ghrelin, an orexigenic hormone secreted by gastric oxyntic cells, decreases LH pulsatility when administered to animals (26, 32) and humans (17) , likely by downregulating kisspeptin expression (12) . Ghrelin increases with weight loss (15, 23) , and we have reported higher fasting ghrelin in normal-weight adolescent AA compared with EA and controls (6) . Similarly, adult overexercisers have an increase in ghrelin (8) . Our studies have demonstrated that fat mass is an important determinant of ghrelin (6) . An important question is whether higher ghrelin in athletes contributes to decreased LH pulsatility and whether ghrelin is another mediator of the association of low fat mass and a state of hypothalamic amenorrhea in athletes. In this study, we found inverse associations of various ghrelin pulse parameters with fat mass for the group as a whole. These associations were similar in AA but did not reach statistical significance. Ghrelin secretory parameters were associated inversely with LH secretory parameters for the group as a whole and also in AA, suggesting that high ghrelin levels may contribute to decreased LH pulsatile secretion. However, as indicated previously, causality cannot be inferred from these associations in a cross-sectional study. Consistent with previous studies (24), we observed inverse associations between ghrelin and leptin for the group as a whole and within AA. This raises the question of whether ghrelin or leptin is independently associated with LH secretion after controlling for each other and also for overall energy status as reflected by BMI. In a regression model that included corresponding ghrelin and leptin secretory parameters and BMI, we found that ghrelin and leptin contributed to the variability in LH secretory parameters for the group as a whole independently of each other. Therefore, it appears that in addition to low leptin levels, high ghrelin in AA may contribute to decreased LH pulsatility.
Of note, underlying PCOS can also be a cause of amenorrhea in athletes. The condition is diagnosed using clinical and biochemical criteria, both of which have potential limitations (reviewed in Ref. 3) . Hirsutism is quantified by the FerrimanGallwey score; however, familial and racial/ethnic factors may also account for some degree of hirsutism. Quantification of acne can be difficult, and some degree of menstrual irregularity is not uncommon in the first 2 yr postmenarche. Testosterone assays are unreliable at levels found in women, and measurements of free and bioavailable testosterone are derived from measurements of testosterone and sex hormone-binding globulin and are thus also prone to error (3) . Ruling out lean PCOS thus requires an assessment of clinical and biochemical features in athletes and can be particularly challenging.
A limitation of this study is its cross-sectional nature. Also, we measured total ghrelin in this study, which includes the active acylated and the inactive desacylated forms. However, both the acylated and desacylated forms are effective in suppressing gonadotropins in humans and in animals (22) . Thus, total ghrelin is the optimal test when the effects of ghrelin on the HPG axis are assessed. Data for LH, ghrelin, and leptin pulsatility are robust, and differences among the groups are strong. It will be important to assess the impact of menses resumption through increased food intake or reduced energy expenditure or administration of a ghrelin antagonist on LH secretory parameters in AA. A possible limitation is that excessive athletic activity may cause delayed maturation of the HPG axis and thus delayed menarche. However, the only girl in this study who was premenarchal had a bone age of 16 yr and was fully pubertal for breast development. Finally, we did not perform 24-h pulse analysis in our subjects to limit the amount of blood drawn. Nighttime LH pulsatility is suppressed in the early follicular phase in normally cycling women (11) , and LH pulse amplitude is higher at night than during the day, whereas LH pulse frequency is higher during the day during the midfollicular phase in late puberty (2) . Thus, differences between groups may have been even more marked if we had sampled our subjects during the daytime as well as nighttime hours.
To conclude, this is the first report of LH secretory parameters in adolescent and young adult AA compared with EA and nonathletes. We demonstrate lower pulsatile LH secretion and AUC in AA compared with EA and nonathletes associated with lower fat mass, lower levels of leptin, and higher levels of ghrelin. Our study provides additional data supporting an association between low fat mass, low leptin, and the HPG axis in young women and new information implicating increases in ghrelin in AA (in association with low fat mass) with disruptions in GnRH pulsatility. Studies assessing the impact of a ghrelin antagonist on LH pulse parameters in hypothalamic amenorrhea may be necessary to confirm causality. Fig. 2 . Associations between ghrelin and leptin pulse mass with LH pulse mass for the group as a whole and within amenorrheic athletes. Top: inverse association of ghrelin pulse mass with LH pulse mass for all subjects (left) and amenorrheic athletes (right). Bottom: positive associations of leptin pulse mass with LH pulse mass for all subjects (left) and amenorrheic athletes (right). Correlation coefficients and P values are indicated in the figure.
